Background/Aims: Epithelial-to-mesenchymal transition (EMT) plays an essential role in the transition from early to invasive phenotype, however the underlying mechanisms still remain elusive. Herein, we propose a mechanism through which the class-III deacetylase SIRT1 regulates EMT in ovarian cancer (OC) cells. Methods: Expression analysis was performed using Q-PCR, western blot, immunofluorescence and fluorescence-IHC study. Matrigel invasion assay was used for the invasion study. Morphological alterations were observed by phalloidin-staining. Co-immunoprecipitation study was performed to analyze protein-protein interaction. Results: Overexpression of SIRT1-WT as well as Resveratrol-mediated SIRT1 activation antagonized the invasion of OC cells by suppressing EMT. SIRT1 deacetylates HIF1α, to inactivate its transcriptional activity. To further validate HIF1α inactivation, its target gene, i.e. ZEB1, an EMTinducing factor was found to attenuate upon SIRT1 activation. To uncover the regulatory factor governing SIRT1 expression, lysophosphatidic acid (LPA), a highly enriched oncolipid in ascites/ serum of OC patients, was found to down-regulate SIRT1 expression. Importantly, LPA was found to induce the mesenchymal switch in OC cells through suppression of SIRT1. Decreased level of SIRT1 was further validated in ovarian tissue samples of OC patients. Conclusion: We have identified a mechanism that relates SIRT1 down-regulation to LPA-induced EMT in OC cells and may open new arenas on developing novel anti-cancer therapeutics.
Introduction
Ovarian cancer (OC) emerges as a highly metastatic disease among all the gynaecological malignancies, mainly due to its asymptomatic nature followed by late detection and the aggressive phenotype [1] . Therefore, the present situation needs detailed understanding of the disease that will open up new therapeutic horizons to decrease the associated mortality rate.
Metastatic potential of the cancer cells depends on the attainment of epithelial-tomesenchymal transition, which is a phenomenon characterized by breakdown of cell junctions and loss of cell polarity, rendering epithelial cells motile and invasive [2] . EMT plays a significant role in development, particularly in early embryogenesis; however, when aberrantly activated, results in cancer metastasis [3] . It is characterized by down-regulation of the genes commonly found in epithelial cells (e.g. E-cadherin, occludin) and the possession of genes typical to mesenchymal cells (e.g. N-cadherin, vimentin, fibronectin) [4] . Previous reports suggested that the components of the ECM, growth factors, cytokines and integrinrelated interactions can activate varied signaling cascades such as MAPKs, PI3K/Akt, Wnt/bcatenin, Ras, integrin-linked kinase and focal adhesion kinase that promotes EMT [5] [6] [7] [8] . The activation of specific signaling pathways, thereby, converges toward a panel of transcriptional repressors, such as Snail, Zeb1, Slug [9] [10] [11] . Despite the recent progress in understanding the molecular maneuvers in EMT, the detailed analysis still remains uncharacterized.
SIRT1 belongs to the mammalian sirtuin family and are implicated in a range of agerelated diseases [12] . The physiological functions of SIRT1 are linked to its enzymatic activity as a lysine deacetylase. However, the precise role of SIRT1 in tumorigenesis is obscure and continually being contested [13, 14] . Numerous reports suggest SIRT1 as a tumor suppressor that protects from oncogenic stress [15, 16] . Mice with a heterozygotic deletion of the Sirt1 allele in a Tp53 haploinsufficient background showed increased genomic instability and develop tumors [17] . In addition, SIRT1 deacetylates and destabilizes the protooncogene Myc and prevent tumor progression [18] . On other hand, it was also reported that SIRT1 activation reduces apoptosis and promotes survival of the cancer cells, suggesting that SIRT1 could function, at least under certain circumstances, as a tumor-promoting factor [19, 20] . However, the plausible function and regulation of SIRT1 towards the mesenchymal switch and tumor progression in context of OC still remains elusive. Thereby, in the present study, we identified the detailed mechanism underlying the role and regulation of SIRT1 expression towards the progression of ovarian cancer.
Materials and Methods

Cell culture and treatments
Human ovarian adenocarcinoma and teratocarcinoma cell lines SKOV-3 and PA-1 (ATCC, USA) were maintained in RPMI1640 and MEM respectively, all supplemented with 10% fetal bovine serum (FBS), 100 μg/ml streptomycin and 100 U/ml penicillin (Invitrogen). Human immortalized ovarian surface epithelial cells, IOSE (a kind gift from Drs. N. Aueresperg and Clara Salamanca, Vancouver, Canada) was maintained in 1:1 ratio of MCDB105 (Sigma-Aldrich; USA)-Medium199 (Invitrogen) and supplemented as above. LPA (Sigma), LPA-receptor inhibitor (Pertussis toxin, PTX) and Resveratrol was used at a conc. of 20 μM, 100 nM and 10 μM respectively, unless otherwise specified, Prior to each treatment, cells were serum-starved for 16 h, followed by 1h pre-treatment with inhibitors and then induced with LPA.
Plasmids, siRNA and transient transfections
The human SIRT1 expression vector Flag-SIRT1 and Flag-SIRT1 H363Y (deacetylase domain mutation) were purchased from Addgene (Cambridge, MA, USA). Transient transfections with 1μg plasmid DNA were performed with Lipofectamine 2000 (Invitrogen) at 1:3 ratio for 24-48 h. SIRT1 siRNA (Santa Cruz Biotechnology, USA) were used at 20 nM/2.5 × 10 5 cells with Lipofectamine 2000 (Invitrogen) for 48 h [21] .
Immunofluorescence microscopy (IF)
Immunofluorescence staining with E-cadherin and N-cadherin (1:100) antibodies followed by Alexafluor 488-conjugated secondary antibody was performed as described previously [22] . For phalloidin staining 10 5 cells/well were treated and the cellular morphology was observed as mentioned previously [23] .
RNA isolation and Q-PCR
Total RNA was isolated using TRI-reagent (Sigma) following the standard protocol. First-strand cDNA synthesis followed by Q-PCR assay was performed and analyzed as described previously [24] . The primer sequences are mentioned in Table 1 .
Immunofluorescence (IF)-based detection for Immunohistochemistry (IHC)
The Department of Pathology, IPGMER-SSKM Hospital, Kolkata, India, provided us with blocks of ovarian cancer and non-cancer tissue sample as archival materials to use for IHC study. The ethical clearance to perform the above-mentioned experiments was obtained from the authorized committee of CSIR-IICB and SSKM Hospital (Memo No. Inst/IEC/615). Sectioning was performed, processed and stained as mentioned earlier [22] .
Statistical analysis
All data are expressed as mean±SEM and is represented by error bars. The statistical significance was done by two-tailed Student's t-test. p < 0.05 (denoted with *) was considered significant unless otherwise stated. The experiments were repeated at least three times in duplicate.
Results
Activation of SIRT1 prevents mesenchymal switch and invasion in OC cells
To address the pathophysiological significance of SIRT1 in OC, we first evaluated the role of SIRT1 in the EMT and invasion in vitro.
Overexpression of wild-type (WT) but not the enzyme-deficient (HY) SIRT1 attenuated the invasion of PA1 OC cells (~1.8 fold, *p < 0.05; Fig. 1A -i, ii), however knockdown of SIRT1 promoted cell invasion (~4 fold, *p < 0.05; Fig. 1B-i ,ii). The activity of MMP-9, regulating the (Fig. 1C) . In addition, SIRT1-WT was found to up-regulate the epithelial gene E-cadherin (CDH1) and downregulate the mesenchymal gene Vimentine (VIM) expression ( Fig. 1D-E) , whereas suppression of SIRT1 showed the opposite effect in PA1 cells (Fig. 1F-G ). Similar observations with increase in the E-cadherin expression (~1.5 fold) upon SIRT1-WT overexpression were obtained, whereas SIRT1-knockdown showed reverse effect at the protein level (Fig. 1H-J) . Increased expression of E-cadherin was further validated by immunofluorescence study in the WT but not the mutant (HY) SIRT1 overexpressed cells, where N-cadherin showed reversed results (Fig. 1K ). Similar observations were recapitulated in PA1 cells treated with SIRT1 agonist (Resveratrol) and antagonist (Sirtinol) (Fig. 1L ). Further analysis of the alterations in cellular morphology by TRITC-phalloidin staining of the treated cells revealed that upon inhibition of SIRT1 the non-cancer ovarian cells (IOSE) showed a mesenchymal phenotype (Fig. 1M) . Treatment with resveratrol further showed increase in the epithelial genes (~4 fold increase in E-cadherin expression, *p < 0.05; Fig. 1N-O ). Together these data suggest that activation of SIRT1 contributes to attenuate EMT and invasion in OC cells.
SIRT1 deacetylates and inactivates HIF1α
To acquire an overview of the physiological consequences of SIRT1 in OC, we analyzed the interaction between SIRT1 and HIF1α. Earlier reports suggested that in colon cancer, SIRT1 modulates cellular responses to hypoxia by HIF1α deacetylation [27] .
HIF-1α was found to co-precipitate with SIRT1 in both the SIRT1-WT overexpressed PA1 and SKOV3 OC cell lines ( Fig. 2A-B) . Furthermore, to analyze the functional significance of this observed interaction, we examined whether SIRT1 deacetylates HIF1α in OC cells. Lysyl-acetylated HIF1α was analyzed by immunoblotting with anti-acetyl-lysine, upon immunoprecipitation by anti-HIF1α. It was observed that acetylated level of HIF1α decreases upon overexpression of SIRT1-WT in both the OC cell lines (Fig. 2C) . The resulting deacetylation of HIF1α was supposed to inhibit its binding with the co-activators to promote the downstream target gene expression. To this extent, we analyzed the expression status of a critical EMT-inducing transcription factor ZEB1, which was also reported as a downstream target of HIF1α [28] . SIRT1-WT overexpression leads to attenuation at the expression level of ZEB1 (~2 fold, *p < 0.05) and vice versa (Fig. 2D) . Similar changes were observed at the protein level expression of ZEB1, whereas no such significant changes were observed in case of HIF1α expression (Fig. 2E) . Thus it can be proposed that SIRT1 modifies the functional role of HIF1α, thereby affecting the downstream events. Together, these data suggest that activation of SIRT1 inhibits HIF1α target genes and thus leads to suppression of EMT in OC cells.
LPA promotes EMT and invasion of OC cells by suppressing SIRT1
Recent studies showed that in context of OC progression, LPA plays a significant function due to its high enrichment in the tumor microenvironment [29] [30] [31] . Based on the previously mentioned contributions of LPA towards increased invasiveness, we first assessed its effect towards the mesenchymal switch in the non-cancer ovarian epithelial cell line, IOSE. Exposure to LPA in these cells resulted in actin rearrangement resembling the mesenchymal phenotype as well as reduced the E-cadherin levels (Fig. 3A) . In addition, LPA leads to enhanced invasion of PA1 OC cells (~3.5 fold, *p < 0.05), which gets reduced in presence of its receptor inhibitor, PTX (Fig. 3B) .
Since LPA induces EMT whereas, SIRT1 overexpression was found to show the reverse effect, we want to investigate whether there is any existing regulation of SIRT1 expression by LPA. We found significant down-regulation in the expression of SIRT1 at both transcriptional and translational levels upon treatment with LPA at two different doses (~2.2 fold at 10 μM, *p < 0.05; Fig. 3C-D) . Further, no significant change in expression of SIRT1 was obtained in the LPA-exposed cells upon pre-treatment with LPA-receptor inhibitor (Fig. 3E-F) . To gain insight we assessed the expression levels of both epithelial and mesenchymal genes upon exposure to LPA and SIRT agonist. LPA leads to an increase in the expression of mesenchymal gene CDH2 (~2 fold, *p < 0.05) whereas epithelial genes CDH1 and CLN7 get down regulated; however, activation of Sirt1 by Resveratrol-treatment showed reverse effect (Fig. 3G) . Similar results were observed at the protein level expression of E-cadherin and Vimentine (Fig. 3H) . Herein, we found that SIRT1 overexpression leads to inactivation of HIF1α followed by reduced expression of ZEB1. Thereby, we further elucidate the functional significance of HIF1α inactivation by SIRT1 in response to LPA. Increase in the expression of ZEB1 (~1.23 fold) was observed when treated with LPA compared to non-treated cells. However, overexpression of SIRT1-WT reduces the LPA-induced expression of ZEB1 (~2.5 fold), whereas, in case of enzyme deficient SIRT1-HY no such distinct changes were observed (Fig. 3I) .
SIRT1 expression is down regulated in ovarian cancer patients
SIRT1 expression level was investigated in human OC tissue samples. Immunofluorescence imaging of the OC tissue sections (Fig. 4Aii, n = 10 ) showed attenuated expression of SIRT1 compared to normal ovarian tissue (Fig. 4Ai, n = 10 ). In addition, the tissue sections were stained with only secondary antibody and DAPI to show specificity of the staining (Fig.  4B) . Taken together, this data confirms our in vitro observations, which relates the reduced expression of SIRT1 to the increased EMT/invasion phenomenon obtained in OC cells.
Discussion
Similar to numerous human pathologies like metabolic, cardiovascular and neurodegenerative disorders, cancer is also closely related to aging [32] . SIRT1, named as the 'longevity gene' was found to be an effective target in the treatment of several aging-related diseases like CHD, type-2 diabetes and Alzheimer [12, 14] . However, the crucial contribution of SIRT1 towards carcinogenesis remains debatable, as reports suggests that SIRT1 can function both as a positive or negative regulator of tumorigenesis in different cancer types. High levels of SIRT1 were associated with poor prognosis mainly in prostate, lung and gastric carcinomas [20, 33, 34] . Additionally, SIRT1 was also reported to deactivate NF-kB and HIF1α through deacetylation, thus suppressing cancer progression [27, 35] . However, one major downside of the previous studies is that, few have explored the regulators for SIRT1 expression in different cancer types.
Given that EMT represents the crucial event in the transition from pre-invasive to invasive phenotype, herein, we wanted to uncover the role and regulation of SIRT1 towards the mesenchymal switch in OC cells. We found that overexpression as well as activation of SIRT1 leads to attenuation in the mesenchymal switch but not the enzyme-deficient form (HY) in OC cells. Moreover, MMP-9 activity was found to decrease upon SIRT1 activation resulting in reduced invasion of OC cells. To gain an insight on the role of SIRT1 in suppressing EMT, we found that it interacts with, deacetylates and thereby inactivates HIF1α transcriptional activity. Central EMT-inducing transcription factor ZEB1 was reported as a direct transcriptional repressor of the epithelial gene E-cadherin and one of the most potent inducer of mesenchymal switch in different physiological and pathological contexts [9] [10] [11] . To this extent, we obtained attenuated ZEB1 expression, which is a HIF1α target gene, when SIRT1-WT was overexpressed. Our data thus suggests that SIRT1 activation in OC cells results in reduced expression of ZEB1 which, further promotes the maintenance of an epithelial phenotype, inhibiting cancer invasion.
Based on the importance of SIRT1 observed in suppressing EMT in OC cells, we further wanted to unveil the regulation of its expression in these cells. Till date, report showed that hypoxic stress attenuates SIRT1 expression at the transcriptional level in a SUMOylation-dependent manner to aid cancer metastasis [36] . However, no studies have explored any other regulation for SIRT1 expression in different cancer types. Previous reports in OC progression showed, LPA to play a critical role towards the cancer invasion/metastasis [29] [30] . Since LPA was found to present at a significantly higher levels (20-80μM) in the ascitic fluid of OC patients, it is lately recommended as a biomarker for ovarian cancer [31] . Major biological function of LPA is mediated through activation of G-proteins coupled to a large family of cell surface receptors (LPA 1 , LPA 2 , LPA 3 ) [37] . Considering supporting evidences and our unpublished data, the enrichment of LPA in the microenvironment, might play a significant role in aggressiveness of OC cells [38] [39] [40] . Several evidences have implicated its role in promoting survival, invasion and metastasis through activation of matrix-metalloproteinases and varied oncogenic signaling cascades [38] [39] [40] [41] [42] [43] . This prompted us to uncover the contribution of this metabolite towards the regulation of SIRT1, specifically in case of OC.
LPA was found to down-regulate the expression of SIRT1 in the OC cells, which was not observed when pre-treated with its receptor inhibitor. Moreover, LPA was found to promote the mesenchymal switch by up-regulating ZEB1 expression, which gets reversed upon SIRT1 overexpression. Thus, our data suggest that LPA induces EMT and invasion in OC cells by suppressing SIRT1 expression. According to the previous reports and our unpublished data, LPA induces the expression of HIF1α promoting invasion in OC cells [44] [45] [46] . From our data, it can be suggested that LPA-mediated SIRT1 down-regulation helps in the maintenance of the acetylated and functional form of HIF1α thereby, triggering cancer invasion. Together, LPA thus plays a central role in maintenance of both enhanced expression and activity of HIF1α, thereby contributing to the aggressive nature of OC. To validate the in vitro results, we found reduced expression of SIRT1 in the ovarian cancer tissue samples when compared to normal ovarian tissues.
In summary, our findings reinforce the notion that SIRT1 contributes to regulation of OC invasion by fine-tuning the EMT phenomenon. To this extent, LPA, which gets highly enriched in OC, promotes the epithelial to mesenchymal switching by repressing the expression of SIRT1. Thereby, development of small-molecule compounds that induces SIRT1 activity in OC will be helpful, both in understanding the mechanistic aspect of SIRT1 in cancer
